Ceramics are key engineering materials in many industrial domains. The evaluation of radiation damage in ceramics placed in a radiative environment is a challenging problem for electronic, space and nuclear industries. Ion beams delivered by various types of accelerators are very efficient tools to simulate the interactions involved during the slowing-down of energetic particles. This article presents a review of the radiation effects occurring in nuclear ceramics, with an emphasis on new results concerning the damage build-up. Ions with energies in the keV-GeV range are considered for this study in order to explore both regimes of nuclear collisions (at low energy) and electronic excitations (at high energy). The recovery, by electronic excitation, of the damage created by ballistic collisions (swift heavy ion beam induced epitaxial recrystallization process) is also reported. 61.80.Jh, 61.82.Ms, 61.85.+p, 68.37.Lp
Introductory remarks
Ceramics are refractory solids which possess very interesting physico-chemical properties, such as high strength, low thermal expansion, chemical stability, strong resistance against oxidation, good behavior under irradiation, etc. These materials are therefore often employed in hostile media where efficient use of energy is a prime need, e.g. extreme temperatures, corrosive surroundings, radiative environment, etc. Examples of the interest of ceramics for applications are provided by electronic, space and nuclear industries. For instance, such materials are nowadays widely used for surface coating and electronic packaging, and they are envisioned in a near future for the safe and long-term disposal of radioactive waste, and the development of inert fuel matrices for actinide transmutation. They may also be employed as cladding materials for gas-cooled fission reactors and structural components in fusion reactors. For all these applications, there is an urgent need of data concerning the behavior of nuclear ceramics upon irradiation.
The topic that is concerned here is so broad that it requires a whole book to cover the main issues; the state of knowledge was regularly upgraded in thorough reviews [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . To deal it in a short article, we focus on the presentation of a few remarkable examples concerning the ion-beam modifications of nuclear ceramics (zirconia, pyrochlores, silicon carbide, etc.) with an emphasis on the mechanisms leading to damage cre- * corresponding author; e-mail: thome@csnsm.in2p3.fr ation and phase transformations. We report typical results obtained using advanced characterization techniques (the Rutherford backscatteringspectrometry associated to channeling (RBS/C), X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman) for ceramics irradiated with ions in a broad energy range (from keV to GeV) in order to explore both nuclear collision and electronic excitation regimes.
The first section is devoted to the presentation of general considerations about the damage build-up in ion--irradiated crystals and of a new model developed to account for experimental results. The following two sections discuss the effects of elastic collisions at low energy and electronic excitations at high energy. The last section presents a new effect of crystallization by electronic excitations of the damage induced by ballistic collisions, swift heavy ion beam induced epitaxial recrystallization (called SHIBIEC).
General considerations about the damage
build-up in ion-irradiated crystals The topology of the damage resulting from irradiation of a crystal with low-or high-energy ions is schematically represented in Fig. 1 . At low energy (below ≈ 10 keV/u), the basic process of ion energy loss is the direct transfer of energy to the atoms of the solid by elastic collisions between the projectile and the target nuclei (S n ). Along the ion path, a large fraction of primary knock--on atoms set in motion by incident ions gain a sufficient amount of energy to subsequently displace other target atoms through several secondary and higher-order collisions which lead to the creation of damage cascades (represented by ovoid objects in Fig. 1a ) [11] . At high energy (i.e. above ≈ 1 MeV/u), the electronic energy deposition (S e ) due to the passage of a swift ion induces the formation of an electrostatically unstable cylinder of ionized atoms, called latent track (represented by grey objects in Fig. 1b) [12] . The resulting atomic rearrangements may be accounted for by thermal spike [13] [14] [15] [16] or Coulomb--explosion [17] [18] [19] mechanisms.
The first description of the damage build-up in ion--irradiated crystals was provided by Gibbons [20] which assumed that the radiation-induced damage (quantified by the parameter f D ) is due to the overlapping of a number m of ion impacts in a given volume of the target, according to the equation
where f D (∞) is the value of f D at saturation (f D = 1 for amorphization) and σ G is the disordering cross--section. More sophisticated models (see Ref. [6] ), based on a combination of direct-impact and damage--accumulation descriptions with the possibility of considering additional processes such as cascade-overlap, interface-controlled and defect-simulated mechanisms, were then elaborated to account for experimentally determined damage kinetics. A very recent model (called multi-step damage accumulation, MSDA), based on the hypothesis that the radiation damage results from a series of successive atomic reorganizations (steps) which are triggered by microscopic or macroscopic solicitations [21] , was recently developed to circumvent the drawbacks of previous descriptions. The damage accumulation follows the equation:
where n is the number of steps, f sat D,i is the value of f D at saturation, σ i is the cross-section for damage formation and Φ i is the fluence threshold, for the i-th step. G is a function which transforms negative values into 0 and leaves positive values unchanged.
Effects of elastic collisions at low energy
Defect cascades created by low-energy ion irradiation are responsible for a large variety of structural modifications (topological or chemical disorder, swelling, phase transformations, amorphization, etc.) which depend on several key parameters, such as the target material, the irradiation temperature, the ion fluence, flux and energy, etc. A typical damage build-up, determined by RBS/C, is represented in Fig. 2 in the case of non-amorphizable materials (e.g. cubic zirconia) irradiated with MeV heavy ions [22] . The variation of the elastic strain, measured by XRD via the lattice parameter, is also represented in Fig. 2 for the same material. Both sets of data may be accounted for by using the MSDA model (lines in the figure) with a value of n which is higher than 1 in Eq. (2): n = 3 for RBS/C and n = 2 for XRD (where the strain cannot be evaluated in step 3). TEM micrographs were recorded at typical fluences (see the insets of Fig. 2 ). They indicate that: (i) small defect clusters, which lead to a strong increase of the elastic strain, are created during the first step; (ii) the second step is due to the formation of perfect dislocation loops and of a network of tangled dislocations, inducing a relaxation of the elastic strain and a sharp increase of f D ; (iii) long dislocations, which induce a reorganization of the crystal (decrease of f D ), are exhibited in step 3. A similar behavior (except step 3) was observed in cubic zirconia irradiated with a large variety of low-energy ions [22, 23] , leading to the conclusion that the number of dpa is the key parameter for the evolution of the damage build-up in the nuclear collision regime. Multi-step damage accumulation processes were also reported in other non-amorphizable ceramics (for instance spinel, magnesium oxide and uranium dioxide) irradiated at low energy [24] [25] [26] [27] .
The damage build-ups, determined by RBS/C, in amorphizable ceramics also occur in several damage steps. Figure 3 illustrates this result by comparing the variation of the accumulated damage as a function of the irradiation dose (in dpa) for titanate pyrochlore (zirconate pyrochlores are generally not amorphizable) and silicon carbide crystals irradiated with MeV heavy ions [28, 29] . RBS/C data may be accounted for by using the MSDA model (lines in the figure) with n = 2 in Eq. (2) for the two materials. The inset shows a TEM diffraction pattern recorded at the end of irradiation, which shows that crystals are well amorphized. It is worth noting that the dose (φ 2 ) at which starts the second step of damage accumulation leading to amorphization is a parameter which reflects the stability of a material upon ion irradiation: the higher φ 2 , the greater resistance to amorphization.
Effects of electronic excitation at high energy
The structure of latent tracks created in the wake of swift ions is dependent on both the ion mass (through the energy density deposited in electronic excitation) and the investigated material (insulators are generally more sensitive to S e than semiconductors or metals).
The damage build-up, determined by RBS/C, is represented in Fig. 4 for cubic zirconia (typical of non--amorphizable materials) irradiated with GeV heavy ions [30] . The variation of the elastic strain, measured by XRD, is also represented in Fig. 4 for the same material and irradiating ions. Both sets of data may be accounted for by using the MSDA model (lines in the figure) with n = 1 in Eq. (2). TEM micrographs, recorded at typical fluences (see the insets of Fig. 4 ), indicate that tracks are created at low fluences, with a microstructure which depends on the depth in the crystal. Hollow tracks (with a diameter of ≈ 4 nm) are observed in the subsurface region (extending up to ≈ 100 nm), together with the formation of larger hillocks (measured by atomic force microscopy (AFM)) at the surface of crystals [30] . This particular microstructure would result from a mechanism similar to the expulsion of lava from a volcano and the formation of a cone of ejected matter, due to the melting of the track core via thermal spike processes. Beyond 100 nm, filled tracks surrounded by dislocation loops are exhibited. At higher fluences (a few 10 12 cm −2 for cubic zirconia), individual ion tracks overlap and the resulting microstructure is the formation of dislocation loops and of a dense network of dislocations at very high fluences (10 13 cm −2 in the case of cubic zirconia). A S e threshold for track formation, depending on the material and on the ion velocity (about 20-30 keV/nm in cubic zirconia), was found in experiments using swift heavy ions of different masses. A single-step damage accumulation process is also reported for other non-amorphizable ceramics (for instance spinel, magnesium oxide and uranium dioxide) irradiated with swift heavy ions [24] [25] [26] [27] . Figure 5 shows the variation of the accumulated damage (determined by RBS/C) as a function of the irradiation fluence for titanate pyrochore and silicon carbide (materials which are amorphizable by elastic collisions) irradiated with GeV heavy ions [28, 29] . The behavior of both types of crystals upon electronic excitation is obviously very different. Titanate pyrochlore is amorphized (see the TEM diffraction pattern in the inset) with a damage build-up developing in a single-step process (as in the case of non-amorphizable materials), whereas almost no damage is observed in silicon carbide. Amorphization of titanate pyrochlore occurs via the formation of amorphous tracks observed by TEM (see Fig. 6 ). The fact that the thickness of the amorphized layer is well correlated to the S e profile was demonstrated by the Raman results shown in Fig. 7 [31] . The vibrational mode (at 770 cm −1 ) related to the amorphous phase is clearly seen from the surface of the sample and its intensity strongly decreases above a depth of ≈ 20 µm. In this amorphizable compound, irradiations with swift ions of different masses revealed the existence of a S e threshold for amorphization of about 10 keV/nm [31] .
Swift heavy ion beam induced epitaxial
recrystallization Different routes may be used to prevent amorphization or induce recrystallization of amorphous layers formed by ion irradiation. The most obvious ones are: (i) an increase of the irradiation temperature above a given threshold (of the order of 250
• C in SiC) [32] [33] [34] [35] [36] [37] [38] , or (ii) thermal annealing of amorphized samples (at temperatures higher than 1000
• C in SiC) [34, 36, [39] [40] . An alternative method to conventional thermal annealing to restore the crystallinity of heavily damaged crystals is the use of the ion-beam induced epitaxial crystallisation (IBIEC) process [41] [42] [43] . It consists in bombarding the samples with ion species having an energy such that the slowing down is still dominated by nuclear collisions, but with an ion projected range quite deeper than the thickness of the defective layer. An interesting feature of IBIEC in SiC is that it occurs around 300
• C [44] [45] [46] , i.e. at a quite lower temperature than that required for damage recovery by thermal annealing. The use of more energetic ion beams to induce recrystallization (SHIBIEC process) [47, 48] , which does not imply the same mechanisms as those prevailing at low energy, seems to be more efficient in that sense that the temperature at which recrystallization occurs by SHIBIEC is lowered as compared to that required for IBIEC. Figure 8 shows an example of SHIBIEC for silicon carbide [49] . The experiments involved two sequences: (i) pre-irradiation with 100 keV Fe ions at room temperature (RT) led to the progressive formation of a shallow (thickness of about 100 nm) amorphous layer (circles); (ii) post-irradiation with 870 MeV Pb ions at RT (at a fluence of 2 × 10 13 cm −2 ) induced epitaxial recrystallization by electronic energy loss (squares) of the layer which was previously amorphized by nuclear collisions. Crystallization occurs by both a decrease of the width of the initial amorphous layer and a drop of the amount of disorder measured by RBS/C (f D ). It is worth noting that an increase of the temperature at which swift heavy ion post-irradiation is performed leads to an enhancement of the SHIBIEC process.
Summary and future trends
Ions with energies in the keV-GeV range may be used to simulate the radiations produced in nuclear reactors or in storage forms. From a fundamental point of view such irradiations allow us exploring separately the nuclear collision and electronic excitation regimes. The damage build-up obtained in both regimes may be satisfactorily represented in the framework of a model (MSDA) which was previously developed to account for the damage production in irradiated solids. However, the shape of the build-up (particularly the number of steps which occur) and the fluence range where the damage appears strongly depend on whether nuclear collisions or electronic excitations are dominant. At low energy, the damage distributions fit the nuclear energy deposition, a disorder peak being generally exhibited in the vicinity of the ion projected range. The defect cascades created by nuclear collisions lead to several steps of disorder accumulation, due to the formation and relaxation of radiation-induced stresses. A sharp increase of the damage is most often exhibited in the second step, associated to the creation of either dislocations for non--amorphizable materials, or an amorphous layer in the case of amorphizable materials. This second step, occurring at a dose between 0.1 and a few dpa, independently of the nature of irradiating ions, is an indicator of the radiation resistance of materials.
At high energy, the damage distributions fit the electronic energy loss, the profiles of defects being rather flat up to a depth of several micrometers. Tracks created by electronic excitation lead to a direct transformation of the melt volume into a new structure via a single-step process. Larger hillocks of matter ejected from the ion tracks are observed at the surface of irradiated crystals. The overlapping of tracks at high fluences leads to the formation of either dislocations or amorphous layers. Saturation of the damage is generally observed above a few 10 13 cm −2 , i.e. fluences by almost one order of magnitude lower than those required to obtain the same amount of disorder at high energy. Results have also demonstrated the existence of a S e threshold for track formation in the range 10-30 keV/nm, and thus the inability to damage S e resistant materials such as silicon carbide.
Swift heavy ion irradiation of samples amorphized by nuclear collisions may lead to epitaxial recrystallization of the amorphous layer. This SHIBIEC effect differs from the well-known IBIEC process by the fact that it does not require the assistance of any external heating source. It is related to the energy deposited by the incoming ions into the target electrons and can therefore be accounted for in the framework of thermal spike models. Besides the fact that the study of the SHIBIEC process is important from a fundamental viewpoint, it presents a crucial interest for industrial applications, particularly concerning the operating cycle of nuclear reactors of the next generations. Actually, the amorphization process observed in e.g. SiC irradiated with low-energy ions and due to nuclear collisions (simulating the alpha-decay recoils or the neutron flux in a nuclear reactor) can be detrimental to the physical integrity of the material. But, since swift ions (i.e. fission fragments) are also generated in nuclear fuels, it could well happen that a balance between amorphization and damage recovery by SHIBIEC occurs in order to preserve the crystallinity of irradiated nuclear materials.
Future prospects in this research field could be the investigation of the synergy between radiation effects induced by low-and high-energy ions. Such a daunting challenge is reachable by the development of dedicated new facilities able to deliver several ion beams in a common irradiation chamber, such as the JANNUS platform running in the Orsay-Saclay area.
